Temperate hardwood floodplain forests along lowland rivers are considered important forest biodiversity refugia in the European cultural landscape. The absence of apex predators combined with an artificial feeding of herbivore populations in winter seasons has caused an increase in browsing pressure on hardwood trees, nearly preventing their regeneration in some localities. There are still important knowledge gaps in understanding the relationships between deer abundance (and browsing pressure) and the abundance (and diversity) of forest bird species in unmanaged hardwood forests. We have studied the red deer and fallow deer browsing pressure in Central European unmanaged hardwood floodplain forests using a novel method based on monitoring browsing pressure along transects combined with bird census data in the Litovelské Pomoraví Protected Landscape Area (Czech Republic). The monitoring data suggested a very high browsing pressure on hardwood trees, causing a strong reduction of the shrub layer and young tree layer (30-210 cm above ground surface). The bird census data from the study area were collected using the territory mapping method. Our results revealed a bird diversity decline in all study plots and the bush nesters guild was found to be completely absent. As bird species from the bush nesters guild are generally common (usually dominant) in hardwood floodplain forest ecosystems with a rich shrub and young tree layer and low browsing pressure, we conclude that intense browsing by large herbivores represents a limiting factor to the bird diversity (especially bush nesters) of hardwood floodplain forests.
Introduction
Forest vegetation structure influences the diversity of forest avian communities [1] [2] [3] [4] [5] . The habitat characteristics of floodplain forests, modified by human activities, have influenced the bird diversity [6] . This is especially important at the local scale of riparian forest stands, because bird density has a direct relationship with site-scale resources, as pointed out by Zenzal et al. [7] . Bird species richness in hardwood floodplain forests differs among the habitat types, with mature forests supporting the largest number of species because of high stand heterogeneity based on diverse understorey tall shrubs and young trees [8] Natural forest regeneration, the presence or absence of understorey bush and herb cover, and even the general structure of forest ecosystems in the European hardwood temperate forests are affected by browsing pressure of large herbivores, typically deer [9] . The absence of large predators in hardwood forests of the European cultural landscape aggravates the effects of browsing pressure on forest biodiversity [10] . Ungulate browsing can interact with the local flooding regime of rivers to delay the recruitment of some tree species, resulting in shifts in successional trajectories, and leaving young forests vulnerable to invasion by exotic herbaceous species [11] .
As shown in the study of Holt et al. [12] , deer exclusion benefits birds which forage in the understorey layer. Several guilds or migrant species responded positively to deer exclusion and none responded negatively. The shrub-layer foraging guild was recorded less frequently in older and browsed vegetation, in both winter and spring. Exclusion of deer also increased the occurrence of ground-foraging species in both seasons, although these species showed no strong response to vegetation age. Newson et al. [13] have shown a strong association between deer densities and declines in understorey bird species. Their results indicate that deer-related habitat modification may be affecting some bird species on far larger scales than previously appreciated. Mainly through their effects on understorey vegetation, high deer populations are now likely to be affecting woodland biodiversity over large parts of lowland England and deer management plans, involving the integrated exclusion and culling of deer, need to be coordinated on large scales. It is suggested that such management plans could most usefully target areas that still support relatively high populations of species that are sensitive to deer. The density of understorey foliage is recognized as an important predictor of the distribution of forest birds [14] . Charchuk and Banes [15] have suggested that following understorey protection harvest, the retained forest regenerates quickly, rapidly providing a habitat to more mature forest species than natural disturbance harvest.
The understorey foliage can be seriously reduced by a high deer abundance, as Eichhorn et al. [16] revealed by a LiDAR survey. Their findings suggest that the reduction of deer populations is likely to have a strong impact on woodland structures and aid in restoring the complex understorey habitats required by many birds, whereas management interventions as currently practiced have limited and inconsistent effects. Thus, LiDAR seems to be a potentially important tool for forest bird conservation as it can help identify the full range of structural conditions associated with threshold responses [17] .
Forest management decisions in hardwood forests should be made at a site level, and encompass factors such as browsing pressure and the dependence of species of conservation concern on particular habitats [18] . There are still important knowledge gaps in understanding relationships between deer abundance (and browsing pressure) and the abundance (and diversity) of forest bird species in unmanaged forests [19, 20] . In order to address these knowledge gaps, we studied the impact of browsing pressure by red deer and fallow deer on avian communities in unmanaged hardwood floodplain forests with a high deer density in the Litovelské Pomoraví Protected Landscape Area, Czech Republic [21] . The main objective of this paper is to provide evidence of the relationship between deer browsing and bird diversity in hardwood floodplain forest ecosystems. We hypothesized that intensive ungulate browsing can be a significant limiting factor to bird diversity in hardwood floodplain forest in protected areas.
Materials and Methods

Study Area
The study area-Litovelske Pomoravi Protected Landscape Area (LPPLA)-is formed by a large segment of hardwood floodplain forests in the eastern part of the Czech Republic along the lowland (240-249 m a.s.l.) meandering Morava River [22] . According to the Czech national classification of forest habitats, the hardwood floodplain forests in the study area [23] are classified as Ulmi-fraxineta carpini superior [24] . According to the European classification of forest natural habitats under the Natura 2000 network [25] , they are classified as riparian mixed forests along the great rivers (habitat code 91F0). The dominant species are Quercus robur L. and Fraxinus excelsior L., with admixture of Tilia cordata Mill., Acer campestre L., Acer pseudoplatanus L., Acer platanoides L., Carpinus betulus L., Ulmus laevis Pallas, and Prunus padus L. In the study area, we established five study plots (100 × 100 m) to be used for field data collection ( Figure 1 ). Such plots are considered suitable for characterizing local forest bird communities in ecological studies of Central European forest birds [26, 27] .
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In the study area, we established five study plots (100 × 100 m) to be used for field data collection ( Figure 1 ). Such plots are considered suitable for characterizing local forest bird communities in ecological studies of Central European forest birds [26, 27] . 
Bird Census Data
In each study plot, birds were counted during nesting seasons (from the end of March to the end of June) in 2001, 2003, 2005 , and 2010 using the 'territory mapping' method [28] . The field mapping involved seven to 10 repeated visits to each study plot. Only those birds were counted that were spotted no further than 50 m from the actual position of the surveying researcher to avoid mistakes based on the different detectability of birds in hardwood floodplain forests [29] . In order to obtain precise bird census results, we also searched all tree cavities and holes for bird nests in each of the study plots. To allow comparisons with other published studies, we used the field data to calculate the mean density (nesting pairs/10 ha). We excluded from our analyses bird species with obviously no relationship with the forest habitat, and which were observed only occasionally in study plots. Classification of bird species into four nesting guilds (ground nesters, bush nesters, canopy nesters, and tree hole nesters) was carried out a priori [30] based on field experience [31] and supported by relevant Czech ornithological literature [32] . Dominance values were calculated according to Aulak [33] .
Ungulate Browsing Research
We established transects in all five study plots to assess herbivore browsing. All transects were 3 m wide and 30-70 m long (based on site conditions). The transect method is routinely used for unrepeated assessments of shrub layer density and browsing intensity [34, 35] .
The abundance of individual ungulates (IND) according to game management records (GMR 2003) was 63 IND/1000 ha for Capreolus capreolus and 11 IND/1000 ha for Dama dama in the study plots 1 and 2. In the study plots 3, 4, and 5, the abundance was higher: 98 IND/1000 ha for Capreolus capreolus and 63 IND/1000 ha for Dama dama [36] .
We assessed all trees smaller than 2.1 m. Woody plants higher than 2.1 m were completely absent in the shrub layer in all study plots. The trees were divided into seven height classes (<30 cm, 
Bird Census Data
Ungulate Browsing Research
The abundance of individual ungulates (IND) according to game management records (GMR 2003) was 63 IND/1000 ha for Capreolus capreolus and 11 IND/1000 ha for Dama dama in the study plots 1 and 2. In the study plots 3, 4, and 5, the abundance was higher: 98 IND/1000 ha for Capreolus capreolus and 63 IND/1000 ha for Dama dama [36] . 
Statistical Analysis and Control Plots
To calculate the Pearson's correlation between shrub layer parameters and browsing intensity and between deer density and bird density, we used the Statistica software (StatSoft s.r.o., Prague, Czech Republic) [37] . Statistically significant differences were compared using t-tests.
To analyse the similarity and diversity of nesting bird communities, we calculated the commonly used Jaccard similarity index [38] . We used rarefaction to standardize species richness of the bird communities in all five study plots and in all of the nesting seasons [39] . Based on rarefaction curves, this method makes it possible to compare the bird species diversity among different study plots and with different survey efforts. The rarefaction curve is constructed based on the expected number of species E (Sn) using the following equation:
where S is the total number of (nesting bird) species found in the study plot, and N i is the number of nesting pairs of a particular bird species i. We used the EstimateS 8.0.0. software (StatSoft s.r.o., Prague, Czech Republic) to perform the calculations [40] . As control plots for our original results from study plots, we used localities in hardwood floodplain forests in the Czech Republic, where the bird communities had recently been studied by the territory mapping method and from which data were available. Data related to deer densities in these control plots were collected from legal hunting statistics in the archives of Regional Offices in Olomouc, Hradec Kralove, Ostrava, and Plzen.
Results
Ungulate Browsing and Woody Plants in Herb and Shrub Layers
The density of woody plants was relatively high in the 0-30 cm height class. Woody plants higher than 120 cm were absent, except for very low densities in the height classes 150-180 cm (plot 2) and 180-210 cm (plot 4). Beyond height class 0-30 cm, the browsing percentage was greater than 50% ( Figure 2 ). The percentage of damaged woody plants was negatively correlated with the density of woody plants (Table 1) .
Young trees strongly outweighed shrubs in herb and shrub layers. The dominant species were Fraxinus excelsior (55.5%), Acer campestre (21.3%), and Acer pseudoplatanus (15.1%). The remaining tree species accounted for only 6.6% (Carpinus betulus, Quercus petraea, Acer platanoides, and Tillia cordata) and shrub species for 1.4% (Swida sanguinea, Euonymus europaeus, and Crataegus laevigata) of the total records. 
Bird Community
A total of 21 bird species have been found nesting in the study plots ( Table 2 ). The species composition of nesting birds in all study plots was very similar (Jaccard coefficient 78.9-95.0%).
Using the rarefaction method (Figure 3 ), we found out that for the minimum abundance of nesting pairs, the highest species richness was reached in study plot 1. However, the differences in bird species richness between individual study plots were not visually distinct.
The rarefaction revealed that the efforts in count surveys in all plots were sufficient. The number of species recorded in all study plots was therefore sufficiently large and representative with respect to the method used.
The highest density of nesting birds was recorded in study plot 2 (69.1 pairs/10 ha), and the lowest in study plot 4 (56.7 pairs/10 ha). The densities calculated for all study plots (Table 2) were thus atypically low for the floodplain forest ecosystem. The representation of dominant species in all study plots reflected the general model of species dominance in bird communities of floodplain forests, in which only a few species (Sturnus vulgaris, Parus major) dominate the community, and the remaining species are considered attendant or accessory species. However, the count survey surprisingly revealed low dominance values for a few species (Phylloscopus collybyta, Erithacus rubecula) that usually form the dominant component of the community.
A close examination of the avian guild structure revealed that in all study plots, the bush nesters guild was completely absent (Figure 4) . None of the species of this guild typical for the floodplain forests (e.g., Aegithalos caudatus, Coccothraustes, Hippolais icterina, Luscinia megarhynchos, Prunella modularis, Sylvia atricapilla, Troglodytes troglodytes, Turdus merula) were found in any of the study plots.
The bird density values in all our study plots within the LPPLA were significantly lower than the values obtained by other authors using the same mapping method in hardwood floodplain forests in the Czech Republic (Table 3) . High negative correlation rates were found between Capreolus capreolus density and bird density (correlation coefficient = −0.6515, p-value = 0.0008) and between both of the deer species together (Capreolus capreolus and Dama dama) and bird density (correlation coefficient = −0.5641, p-value = 0.0051). A moderately high negative correlation rate was detected between Dama dama density and bird density (correlation coefficient = −0.5201, p-value = 0.0269). It is possible that the absence of the bush nesters guild may be the reason for a lower diversity of birds by approximately 30% in our study plots compared to other floodplain forest sites in the Czech Republic (Table 3 ). 
The bird density values in all our study plots within the LPPLA were significantly lower than the values obtained by other authors using the same mapping method in hardwood floodplain forests in the Czech Republic (Table 3) . High negative correlation rates were found between Capreolus capreolus density and bird density (correlation coefficient = −0.6515, p-value = 0.0008) and between both of the deer species together (Capreolus capreolus and Dama dama) and bird density (correlation coefficient = −0.5641, p-value = 0.0051). A moderately high negative correlation rate was detected between Dama dama density and bird density (correlation coefficient = −0.5201, p-value = 0.0269). It is possible that the absence of the bush nesters guild may be the reason for a lower diversity of birds by approximately 30% in our study plots compared to other floodplain forest sites in the Czech Republic (Table 3) . 
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Browsing greater than 40% repeatedly led to important changes in woody plant composition in similar areas of the Czech Republic. More concretely, browsing led to a significant reduction of the 
Discussion
Impact of Ungulate Browsing on the Forest Understorey of Floodplain Forests
Browsing greater than 40% repeatedly led to important changes in woody plant composition in similar areas of the Czech Republic. More concretely, browsing led to a significant reduction of the abundance of the most affected species, especially if they had a low abundance [55] . Repeated browsing can significantly affect the forest dynamics [56] . Some authors [57] have observed that intensive ungulate browsing led to a significant prolongation of the regeneration period in mountain forests-new silver fir and Norway spruce were held to the height limit of 1-1.5 m in the long term (more than thirty years). Floodplain forests can generally better compensate for the lost woody-plant biomass than mountain forests, so the browsing has a lower impact on the growth of woody plants in the herb and shrub layers [58] . However, intensive browsing can promote an expansion of invasive herbaceous species. A strong herb competition can then complicate forest restoration in floodplain forests [59] .
The shrub layer is usually well developed in the studied type of floodplain forest. In our study plots, however, the shrub layer (woody plants higher than 1 m) was poorly developed (plots 1 to 3 with a maximum of one woody plant individual per 20 m 2 ) or completely absent (plots 4 and 5) (Figure 2 ). Our opinion is that browsing is the main factor for the low abundance of shrubs. The situation of our study area may be compared with the floodplain forest near the Dyje river (locality Lednice hardwood floodplain forest) with the same type of hardwood forest, but with lower browsing pressure [60] . In Lednice, the percentage of browsing damaged woody plants (up to 150 cm of height) was 32% (more than 50% in our plots) and the relative abundance of shrub species was 9% (1.4% in our plots). The ungulates usually prefer some shrub woody plants (e.g., Swida sanguinea, especially during winter, or Eonymus europaeus) over others. Crataegus laevigata is less attractive, but it is strongly browsed, especially in locations where the woody-plant biomass of herb and shrub layers is limited. Most of the tree species present are also attractive [61] .
The negative effect of browsing on shrub species can be intensified by their occurrence in herb layers, as browsers often prefer plant species occurring close to the forest floor [62, 63] . The observed extreme browsing pressure was most likely the main factor leading to the absence or reduction of the shrub layer.
Bird Communities in Floodplain Forests
The avifauna of the LPPLA study area mainly consists of common bird species typical for the European hardwood floodplaorests [64] . Surprisingly, a few species otherwise commonly nesting in the understorey of this type of forest (Sylvia atricapilla, Turdus merula) [65] were found to be absent in all of the five study plots.
The rarefaction curves for all study plots approached their asymptotes and further field surveys would likely not reveal any new species [66] . The species composition of nesting birds was very similar in all study plots (measured by the Jaccard coefficient). These results are in contrast with the findings of Kolecek et al. [67] , who have found relatively large differences in species composition between two floodplain-forest sites along the Morava River-the 'Království' site had about 30% more species than the 'Žebračka' site. As the authors themselves point out, these differences could have been caused by the different sizes of the studied sites, as larger sites can host more area-sensitive species [68] . Alternatively, the differences in species composition could have been caused by differences in environmental heterogeneity between the sites [69] . As a result of an intensive forest management, the 'Království' site (unlike the 'Žebračka' site) represents a diverse mosaic of various types of floodplain forest (clear-cut areas, young-growth and old-growth stands, forest margins). These consequences of forest management could explain the higher diversity of birds, because the edge effect on the diversity of nesting birds in the floodplain forests is very pronounced [70] . As all our study plots are located within the LPPLA conservation zone, no forest management has been applied in these sites since the establishment of the LPPLA in 1991. Implementation of multiple-use zoning [71] is generally considered as an important support tool for the conservation of forest diversity.
It is commonly known that past forest management of the European floodplain forests is very clearly reflected in the current structure of forest stands [72] . In our study plots, however, the historical development of forest stands was practically identical and therefore does not play an important role [73] .
The structure of Central European hardwood forests dominated by oak (Quercus sp.) strictly influences the structure of breeding bird communities, especially in young forest stands [74] . Bird species typical for these stands are bush nesters (Phylloscopus trochilus, Sylvia atricapilla, Sylvia curruca, Prunella modularis, Aegithalos caudatus). In the LPPLA study plots, these bird species were absent. The comparison of guild structures in the LPPLA and in the hardwood floodplain forests in the Czech Republic ( Figure 5 ) reveals a clear absence of common bird species from the bush nesters guild in the LPPLA study plots. Similarly, many studies have shown that the shrub layer is one of the key characteristics determining the alpha diversity and density of bird communities in the European oak-dominated hardwood forests [75] [76] [77] [78] [79] .
Reductions in understorey foliage strongly indicate a browsing effect in forest areas of a high deer density. Terrestrial laser scanning applied to oak-dominated woods in the UK by Eichhorn et al. [16] revealed a reduction in understorey foliage of 68% at high deer density sites. In the context of the above-mentioned studies, the results from our study plots suggest that intensive ungulate browsing pressure can be considered a limiting factor to forest bird diversity. In our plots, the diversity of nesting birds was approximately 30% lower than the diversity found in a comparable forest type without an intense browsing pressure (Table 3) .
Due to the absence of shrubs, our study plots had lower numbers of bird species otherwise commonly inhabiting the European temperate hardwood forests [80] . Although these species are considered neither rare/endangered in the Czech Republic [81] or habitat specialists, the results are significant [82] . As population trends for common forest bird species in the Czech Republic are otherwise remarkably stable in the long term (in contrast to the common bird species of the agricultural landscapes) [83] , the intense ungulate browsing pressure in the LPPLA hardwood floodplain forests, reducing the diversity and density of common bird species, represents an extraordinary situation in terms of nature conservation. Here, we would like to point out that all five study plots are located within a protected area specifically aimed at the conservation of hardwood floodplain forest biodiversity [84] .
To pursue the conservation targets for protected areas in the ecological conditions of Central European forests with extraordinary high deer densities, in which large predators are missing [85, 86] , it is necessary to take a step towards an intense targeted reduction of large herbivores by hunting. Understanding the types of relationships between deer abundance and habitat quality for birds, and other biodiversity, is an important knowledge gap that needs to be addressed if sound, collaborative deer management plans are to be developed. The structure of Central European hardwood forests dominated by oak (Quercus sp.) strictly influences the structure of breeding bird communities, especially in young forest stands [74] . Bird species typical for these stands are bush nesters (Phylloscopus trochilus, Sylvia atricapilla, Sylvia curruca, Prunella modularis, Aegithalos caudatus). In the LPPLA study plots, these bird species were absent. The comparison of guild structures in the LPPLA and in the hardwood floodplain forests in the Czech Republic ( Figure 5 ) reveals a clear absence of common bird species from the bush nesters guild in the LPPLA study plots. Similarly, many studies have shown that the shrub layer is one of the key characteristics determining the alpha diversity and density of bird communities in the European oak-dominated hardwood forests [75] [76] [77] [78] [79] .
To pursue the conservation targets for protected areas in the ecological conditions of Central European forests with extraordinary high deer densities, in which large predators are missing [85, 86] , it is necessary to take a step towards an intense targeted reduction of large herbivores by hunting. Understanding the types of relationships between deer abundance and habitat quality for birds, and other biodiversity, is an important knowledge gap that needs to be addressed if sound, collaborative deer management plans are to be developed. The authors of this paper suggest concentrating all forest and wildlife management practice on deer exclusion in regions with a high browsing pressure. This is especially important in protected areas focused on conserving the biodiversity of European hardwood forests, in which the absence of large carnivores limits the spontaneous succession of the forest ecosystem. A survey [87] on the near-natural hardwood floodplain forest of Cahnov-Soutok in the Czech Republic, which has been left to spontaneous development since the beginning of the 1930s, showed that (1) the most significant trend is a decreased representation of Quercus robur in all monitored indicators and conversely an expanding representation of Acer campestre, Carpinus betulus, and Tilia cordata; and (2) that the floodplain forest ecosystem demonstrates a high-level stability in the total volume of tree biomass with an essential change in the tree species composition, spatial structure, and average stem volume of individual trees. However, if the spontaneous gap dynamics and natural regeneration in the forest are limited by ungulate browsing, we cannot protect the biodiversity of hardwood floodplain forest, as pointed out in this paper, which seems to be a general problem in forest biodiversity conservation in the Czech Republic [88] . This problem is increased by the predictions of climate change impacts to European hardwood forests [89] , because of an increase in the effect of factors limiting natural forest development and forest natural regeneration. The authors of this paper suggest that deer exclusion in European hardwood forests-especially in protected areas focusing on forest biodiversity conservation [90] -is necessary for putting the basic principles of sustainable forest management [91] into practice.
Conclusions
The European hardwood floodplain forests are characterized by a high avian diversity and density. In the unmanaged hardwood floodplain forest of the Litovelské Pomoraví PLA, however, an atypically low bird density was identified in five study plots with a very high degree of red deer and fallow deer browsing pressure on hardwood trees. The heavy browsing pressure has caused a strong reduction of the shrub and young tree layer in the understorey (30-210 cm above ground surface). In all five study plots, bird species from the bush nesters guild-usually dominant in hardwood floodplain forest ecosystems with a rich shrub and young tree layer and low browsing pressure-were found to be absent. As the decline in bird diversity is clearly a consequence of the browsing pressure, the intense ungulate browsing can be considered an important limiting factor to bird diversity (especially to bush nesters) in hardwood floodplain forests. Based on these results, we suggest that deer exclusion become an important component of forest management practice, in order to conserve hardwood floodplain forest biodiversity.
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